INTRODUCTION
Current zoonotic transmissions of non-human primate (NHP) adenoviruses (AdVs) to humans with pathological consequences have recently been reported, underlining the importance of extensive research on human and simian adenoviruses (Chen et al., 2011; Chiu et al., 2013) . Human adenoviruses (HAdVs) are exclusively classified in the genus Mastadenovirus and are divided into seven species, Human mastadenovirus A-G. Abbreviations (HAdV-A, etc.) are adopted below to describe the viruses that group into the cognate genus (Human mastadenovirus A, etc.). HAdV-A to HAdV-G to date comprise 69 types (HAdV-1 to HAdV-69) (Matsushima et al., 2013; Robinson et al., 2013a, b) . Based on DNA identity levels, HAdV-B are split into subgroups B1 and B2. While members of HAdV-B1 are associated with respiratory tract infection with sometimes fatal outcome (Kajon et al., 2010; Ryan et al., 2002; Tang et al., 2011; Tate et al., 2009) , members of HAdV-B2 are known to cause infections of the urinary tract (Wadell, 1984) . Moreover, HAdVs of both subgroups are isolated from patients with conjunctivitis (Kitamura, 2001) .
AdVs attributable to nearly all HAdV species have been detected in wild and captive African great apes and are shed with faeces in high numbers (Duncan et al., 2013; Hoppe et al., 2015; Roy et al., 2009; Seimon et al., 2015; Wevers et al., 2010 Wevers et al., , 2011 . In captive NHPs, AdVs are associated with respiratory disease (Chen et al., 2011; Chiu et al., 2013; Wevers et al., 2010) , but almost nothing is known about the clinical relevance of AdVs in wild NHP populations. AdVs have been reported to be transmitted between primate species, including zoonotic transmission to humans (Chen et al., 2011; Chiu et al., 2013; Ersching et al., 2010; Hoppe et al., 2015; Lonsdorf et al., 2014; Mwenda et al., 2005; Xiang et al., 2006) , demonstrating their ability to switch between primate hosts.
Evidence for intra-AdV species recombination between HAdVs (Lukashev et al., 2008; Robinson et al., 2009 Robinson et al., , 2013b Walsh et al., 2009 ) and between AdVs of captive great apes (Roy et al., 2009 ) has been obtained. InterAdV species recombination, i.e. between members of different AdV species has also been reported, either between AdVs of the same primate host or of different primate hosts. Dehghan and coworkers showed that HAdV-4, the sole human member of species HAdV-E, originates from recombination of a domain of the hexon gene (encoding the major capsid protein) of HAdV-16 (species HAdV-B) into the genome of a member of species HAdV-E isolated from a captive chimpanzee (Dehghan et al., 2013b) . Other examples of likely recombination between genomes of NHP AdVs and HAdVs are represented by SAdV-35.1 (from captive chimpanzee) and SAdV-35.2 (from captive bonobo) sharing high sequence similarity with HAdV-21 and HAdV-16 . Both viruses illustrate the likely involvement of HAdV-B from humans and captive great apes in recombination events. Such exchange of genetic material might, however, be restricted to AdVs of great apes in captivity, since the exposure of humans to AdVs of great apes and exposure between great ape species is more intense in zoological gardens and wildlife parks than in naturally shared habitats. We therefore investigated whether AdV recombination occurs in great apes living in the wild. Previously, we co-amplified different AdV types of species HAdV-B from the same gorilla samples by PCR, this being indicative for HAdV-B coinfection in wild gorillas and an obvious prerequisite for HAdV-B recombination (Hoppe et al., 2015) . To search for signs of recombination events we performed in the present study a comparative phylogenomic approach and analysed general hot spots of AdV recombination, i.e. the penton base, hexon and fiber genes, in comparison with a gene block (genes pVII-pVI) known to be less targeted by recombination events (Robinson et al., 2013a) . We show that HAdV-B types circulate in wild gorillas that display signs of recombination.
RESULTS AND DISCUSSION
To analyse the genes of interest from HAdV-B members of wild gorillas, we attempted to obtain complete genome sequences. In a previous study, faecal samples had been collected from w300 wild gorillas, free-ranging in six locations of sub-Saharan Africa. Of these, 55 % had tested PCR positive for sequences attributable to HAdV-B (Hoppe et al., 2015) . In the present study, seven samples were selected for genome-wide analysis that apparently had the highest HAdV-B loads. These originated from two Eastern lowland gorillas (Gorilla beringei graueri) from Kahuzi-Biéga National Park (KBNP) in Democratic Republic of Congo (DRC) (sample numbers #6757 and #6759) and five wild mountain gorillas (Gorilla beringei beringei) from Virunga National Park (ViNP) in DRC (sample number #6558), Rwanda (sample numbers #6578 and #6584) and Bwindi Impenetrable National Park (BINP) in Uganda (sample numbers #6800 and #6813). To determine complete genome sequences, we first tried to cultivate the AdVs from preserved faeces, but this was unsuccessful. Such failure in cultivating AdVs from wild great apes had already been reported by others (Roy et al., 2009) . Next-generation sequencing (NGS) on DNA extracts of faecal samples was also not an option because the presence of multiple HAdV-B in the samples could not firmly be excluded. Some of the published great ape HAdV-B sequences display regions of complete identity, on the borders of which NGS reads would not be unequivocally attributable to a specific genome. In consequence, we attempted to determine fullgenome sequences by amplifying widely overlapping PCR fragments with 19 sets of degenerate nested primers and long-distance PCR. Primer pairs (Table 1) were designed on the basis of an alignment of 20 HAdV-B genomes from humans and captive great apes publicly available in GenBank ( Table 2 ). The primer pairs amplified fragments of approximately 1-6 kb in the second PCR round, overlapping by 0.5-1 kb (Fig. 1b) . This ensured that the PCR sequences originated from the same virus. A near-complete genome sequence of 35.4 kb (sample #6759, from Gorilla beringei graueri in KBNP; Fig. 1a ) and a partial genome sequence of 33 kb (sample #6800, from Gorilla beringei beringei in BINP; genome map not shown) could be amplified and assembled. Using the other five G. b. graueri and G. b. beringei samples, a number of PCRs failed or gave ambiguous sequence reads. However, a contiguous sequence of about 7.5 kb (PCR9 and 10) and a separate sequence of about 1 kb (PCR20) could be determined from all five samples, comprising all genes of interest (penton base to hexon gene; fiber gene).
The near-complete genome sequence of the HAdV-B from the G. b. graueri (sample #6759) consists of 35 429 bp with an average G/C content of 53 % and a total of 38 coding genes (Fig. 1a) . The organization of this genome is comparable to those of previously described HAdV-B from captive great apes (Roy et al., 2009; Wevers et al., 2010) . Comparison of the #6759 sequence with the most similar gorilla and chimpanzee HAdV-B genomes showed that less than 100 bp were missing on both ends of the genome and that the outmost coding sequences were not truncated ( Fig. 1 ).
To detect similarities and differences between the #6759 gorilla HAdV-B genome and previously published NHP HAdV-B genomes, mVISTA analysis was performed using pairwise genome alignments (Fig. 1c) . Here, #6759 genome is most similar to a chimpanzee HAdV-B TCGTGCAGGTGAGGGTTCGC  64  4056  6473as  TCCCCTCGGGCTCGGTGATG  6474s  2nd  GCAGGTGAGGGTTCGCTTTGAGG  64  4040  6474as  CGGTGATGTTCAGCAGCGCCT  PCR 7  6032s  1st  GCGGTABAGRGGCCATCGCT  50  2613  6032as  CARCAGHAGCAGTAGGCGGG  6033s  2nd  GCCATCGYTCTGTAGCYGGG  50  2589  6033as  AGGCGGGAGTTSGGRGTCAG  PCR 8  6034s  1st  ACTCKGTYTTGAGCCTGGGCA  50  2681  6034as  TRTACTCGTTCACGTTKGGCATGT  6035s  2nd  GCYTGGGMAAGTACTACGCTCG  50  2658  6035as  ACGTTKGGCATGTTRGTGTGC  PCR 9  6036s  1st  GGRAGWGGAGGGGGCAACCC  50  2677  Penton base  6036as  GCRAACTCGCGYACAAACTC  6037s  2nd  RGKGGCAACCCGTTCGCTCA  50  2657  6037as  YACAAACTCCRCCAGCCCATCA  PCR 10  5690s  1st  AGATCACGGGACCCTGCCGT  62  6364  pVII-hexon  5690as  CCAGTCAGCAACTTCATGGTGGGG  5691s  2nd  AGCGCGTGACCGTTACTGACG  62  5973  5691as  GGGGGCCATGAACCCCGGG  5692s  3rd  GCCGCGCGTTCTTTCAAGCC  60  5829  5792as  TGGCTTTGAGCTCTTGCTCGCTG  PCR 11  6048s  1st  SATGYTGCGCTTTGTGCCCG  50  2931  6048as  CAKGTGTTRGAGCGCGGGTT  6049s  2nd  GYTSCGCTTTGTGCCCGTTG  50  2920  6049as  RKAGCGCGGGTTCCAACCAA  PCR 12  6050s  1st  YGACAGRACCATGTGGCGCA  50  3080  6050as  GRTTVAGCTCGTAGGCGCGG  6051s  2nd  AGRACCATGTGGCGCATHCC  50  3066  6051as  GTAGGCGCGGCTRAGCTCTT  PCR 13  6052s  1st  TTCGGGGGCAGAGGYGGAGG  50  2696  6052as  GTYGSGTTCGGGAATCGCCC  6053s  2nd  GGYGGAGGYGACTGCGATGG  50  2672  6053as  ARKCGCCCGGTCTCGTCCCA  PCR 14  6208s  1st  AGTGCCCATCAGTGTGGAAGAGC  65  2572  6208as AGAGAGCCTCGGCGTCCTCG genome (SAdV-33; 93.5 % nucleic acid identity) followed by a gorilla HAdV-B genome (SAdV-28.2; 92.9 %) and another chimpanzee HAdV-B genome (SAdV-28.1; 92.7 %). Comparison of the #6759 genome with all other published HAdV-B genomes of great apes (captive gorilla, chimpanzee, bonobo) revealed more substantial divergence in the open reading frames encoding penton base, hexon, E3 and fiber.
Interestingly, the 59 half (genes E1A to pVII; 18 kb) of the #6759 genome shares highest similarity to chimpanzee SAdV-33. The penton base gene is an exception, i.e. most similar to that of SAdV-46 (captive gorilla HAdV-B) and SAdV-27 (captive chimpanzee HAdV-B). The 39 part of the genome (17.4 kb) shares highest similarity to SAdV-28.2 (captive gorilla HAdV-B), excluding the outmost 3 kb, which are most similar to captive chimpanzee's SAdV-33 (Fig. 1c ). These observations gave first hints for the occurrence of genome-wide recombination between chimpanzee and gorilla adenoviruses, originating not only from captive but also from wild individuals.
To better display the genetic relationships between the members of species HAdV-B and to further search for evidence of recombination, we performed multiple phylogenomic analysis using (i) penton base gene,
(ii) pVII-pVI gene block, (iii) hexon gene and (iv) fiber gene alignments. Included were the HAdV-B sequences of wild gorillas and the complete HAdV-B genomes of human, gorilla, chimpanzee and bonobo origin available in GenBank. Representatives of HAdV-D, -E, -C and a SAdV-A were also included (Table 2) , the latter to serve as outgroup in phylogenetic tree reconstruction. From these four alignments, phylogenetic trees were calculated as described in Methods. They are shown in Fig. 2 , with the penton base-, pVII-pVI-, hexon-and fiber-derived trees in Fig. 2a-d . HAdV-B subclades were named with the abbreviation H (for human AdV) and A (ape AdV) and consecutively numbered (H1-H3; A1-A3). Since the pVII-pVI gene region of AdVs is a recombination cold spot (Hoppe et al., 2015) and the HAdV-B clade in the pVII-pVI tree was the least expanded and also best supported in its deeper branches, the six subclades (H1-H3; A1-A3) in the tree's HAdV-B clade (Fig. 1b) were assigned as reference subclades for the assessment of the subclades in the penton base, hexon and fiber gene-based trees (Fig. 1a,  c, d ). Accordingly in the following, subclade designations always refer to the subclades of the pVII-pVI tree and their respective HAdV-B members (Fig. 2b) .
The trees shown in Fig. 2 reveal discordance in HAdV-B tree shape and subclade composition. While the penton (Figs. 2a, b) , the hexon and fiber trees substantially differ (Figs. 2c, d ). Both in the penton base and pVII-pVI trees, the seven HAdV-B members from wild gorillas cluster in subclades A1 and A2, and the 14 HAdV-B members from captive great apes in subclades A1-A3 (Fig. 2a, b, respectively) . In the hexon and fiber gene trees, they are scattered in small separate subclades, partially interspersed with HAdV-B of humans of clade H3 and some of them in a position lacking statistical support (Figs. 2c, d ). Among the wild gorilla AdVs, the #6558 virus (from G. b. beringei in ViNP, Uganda) is an exception. While it appears as the sole wild gorilla HAdV-B in subclade A1 of the penton base and pVII-pVI trees (Fig.  2a, b) , it clusters with HAdV-B members of other wild gorillas in the hexon and fiber trees (Fig. 2c, d ). On the whole, the gorilla (both captive and wild), chimpanzee and human HAdV-B members display discordant positions relative to each other in the hexon and fiber trees, as well as compared with the penton base and pVII-pVI trees. From this we hypothesize that genome-wide recombination occurred during evolution of wild gorilla's members of species HAdV-B. With software RDP4 and SimPlot, signals for recombination events were also obtained, but it was not possible to determine which were the most likely viral ancestors of the recombination events and which were their descendants (data not shown). Recombination is probably frequent as we were able to detect it within a small sample set (n57).
This and previous reports dealing with recombination of HAdV-B members from captive great apes and transmission between primate species Robinson et al., 2013b; Roy et al., 2009; Wevers et al., 2010) probably indicates that cross-species transmission and subsequent recombination has been at work since evolutionarily distant times. Furthermore, human exposure to NHP AdVs in West and Central Africa is likely, both by faecally contaminated drinking water and hunting and butchering of NHPs (including great apes; Malhi et al., 2013) for consumption as 'bush meat'. Therefore, current-day transmissions of HAdV-B members from great apes to humans with subsequent emergence of recombinants cannot be excluded. As the HAdV-B genomes presently deposited in GenBank originate from humans in the USA, Japan, China, Argentina and Egypt, the identification of HAdV-B from humans living in sub-Saharan Africa at the sites studied here would be desirable. Of note, in a survey of 287 humans from rural areas of four sub-Saharan countries (Cô te d'Ivoire, DRC, Central African Republic and Uganda), a frequent circulation of HAdV-D members was detected by generic AdV PCR on stool samples, but HAdV-B members were not identified (Hoppe et al., 2015; Pauly et al., 2014) . This indicates an HAdV-B prevalence too low to be detected in those studies, being in line with a report of low serological prevalence of human HAdV-B types 11, 35 and 50 in sub-Saharan Africa (Abbink et al., 2007) . Larger investigations across subSaharan Africa involving larger study cohorts are needed to settle this issue.
In this study, we present the first near-complete genome of a HAdV-B from wild gorillas and a genome-wide phylogenetic analysis including four genomic loci. We showed evidence for recombination among wild gorilla HAdV-B members implying that AdVs recombine also in natural habitats and not only in sites of artificially close inter-primate contact like zoological gardens. Frequent natural HAdV recombination emerging from virus transmission between great apes and humans will increase genetic AdV diversity and thus the likelihood that pathogenic variants will appear (Robinson et al., 2013a; Walsh et al., 2009) . The likelihood for infection with such recombinant AdVs increases for people in some regions of sub-Saharan Africa, because of the high AdV prevalence in NHPs (Hoppe et al., 2015; Roy et al., 2009; Wevers et al., 2011) , overlapping habitats of humans and great apes, and bush meat hunting and trade (Parrish et al., 2008; Woolhouse & Gaunt, 2007) . Since some AdVs have a zoonotic potential, causing respiratory outbreaks both in humans and monkeys (Chen et al., 2011; Chiu et al., 2013; Kandel et al., 2010; Sanchez et al., 2001) , further investigations on primate AdVs in sub-Saharan disease outbreaks are needed.
METHODS
Sample collection and processing, PCR methods and sequence analysis. Sample collection and processing and ethical statements were as described previously (Hoppe et al., 2015) .
To obtain a complete genome sequence of a wild gorilla HAdV-B, 20 nested primers sets (nos 1-20; Table 1 ) were designed on the basis of published HAdV-B genomes from humans and captive great apes (gorillas, chimpanzees and bonobos) with the primer design tools of Geneious Pro 5.5.7 and National Center for Biotechnology 
#6558
HAdV-34
HAdV-11
HAdV-21
HAdV-50
HAdV-16
HAdV-68 HAdV-3
HAdV-7
HAdV-66
HAdV-35
HAdV-14
HAdV-55
•ViNP Information (Benson et al., 2013) . Each set comprised two pairs of degenerate nested primers. These amplified in the second PCR round fragments of approximately 1-6 kb, overlapping by w500 bp to 1 kb. All fragments were amplified by long-distance PCR, using the TaKaRa-EX PCR system according to the instructions of the manufacturer (Takara Bio) and annealing temperatures, as specified in Table 1 . All PCR products were purified using an Invisorb DNA clean up kit according to the instructions of the manufacturer (Invitek). Subsequently, the amplified products were sequenced with a Big Dye terminator cycle sequencing kit (Applied Biosystems) on a 377 automated DNA sequencer (Applied Biosystems). Sequences were assembled with the SeqMan Pro module of Lasergene software.
Genome annotation, alignment and recombination analysis.
Coding sequences were identified and annotated using Geneious Pro 5.5.7, based on existing patterns and annotations in NCBI. To identify commonalities and differences between the HAdV-B genomes the mVISTA software for comparative genomics (Frazer et al., 2004) was used (http://genome.lbl.gov/vista/index.shtml), under the setting AVID -global pairwise alignment (Bray et al., 2003) . For recombination analysis, RDP4 software (http://web.cbio.uct.ac.za) and SimPlot software (http://sray.med.som.jhmi.edu/SCRoftware/simplot/) were used.
Phylogenetic analysis of the genome and genes. The dataset used for phylogenetic analyses comprised the sequences generated in this study and reference HAdV-B sequences of humans, gorillas, chimpanzees and bonobos as well as one representative of HAdV-D, -E and -C including a SAdV-A member as outgroup (Table 2) . Phylogenetic trees were reconstructed on the basis of multiple sequence alignments of penton base genes, gene blocks pVII-pVI, hexon genes and fiber genes. Alignments were generated with MUSCLE software, gaps eliminated with GBLOCKS and model selected with jModelTest v.2.1.3 (GTR+I + G) (Darriba et al., 2012) . PhyML v.3.1 was applied for maximum-likelihood analysis and branch support was estimated by bootstrapping the dataset (250 pseudo-replicates) (Guindon & Gascuel, 2003; Guindon et al., 2010) .
